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By E. George Ki-ull and Richard R. wlrley 

A n  evaluation of the effect of gemetric  design variables on the 
performance of a l6-Fnch-diameter "jet cabustor  using g a s e m  hydro: 
gen as a f'uel was obtained over a range of combustor total  pressures frm 
7 t o  44 inches of mercury absolute. Equivalence r a t io  was varied f k a m  
0.1 t o  1.0 at a cambustor inlet temperature of llOOo R. 

Peak combustion efficiencies ranging frm 81 t o  98 percent were ob- 
ta€ned with a burner 18 inches long (measured fYom fuel Fnjectors t o  
exhaust-nozzle outlet) over a range of burner total pressures from 10 t o  
35 inches of mercury absolute. Combustion efficiency was generally in- 
sensitive  to  pressure down t o  20 inches of mercury absolute but decreased 
rapidly at lower pressures,  particularly f o r  the s h o r t  burner  lengths. 

In general,  there was very l i t t l e  gain in ccmbwtion efficiency by 
increasing  the cambustor length beyond 30 inches. Ccmbustion was stable 
over a wide range of equivalence ratios. No r ich bloyout was encountered. 
Lean blowout was encountered only at  very l o w  burner t o t a l  pressures and 
l o w  equivalence r a t io s .  Canbustion acreech was encountered and cam- 
pletely el-iminated with a perforated acoustical  liner. 

INTRODUCTION JAN 18 1957 
The analytical  study of reference I indicates  the  possibility of ex- 

tending  aircraft performance by using hydrogen as a fuel.  mdrogen can 
extend aircraf t  ranges because of i ts  high heating  value, which is about 
2.75 times the  heating  value of  the average hydrocarbon f u e l  (JP-4). The 
density of liquid hydrogen Fs low(about one-tenth that of hydrocarbon 
f u e l ) ,  so relatively  large  fuel tanks are needed. The  wings  and fuselage 
of an airplane designed f o r  high altitude  are much greater  than  those of 
an airplane desfgned f o r  a low altitude  with  the same cruise speed. The 
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high  heating value of  the low density  hydzogen can be utilized  by  sir- 
planes  designed  for Ugh altitude  because  of  the  large volume available - 
for f’uel tankage.  Therefore,  hydrogen  is  particularly  attractive  for 
high-altitude  flight which means the  canbustors  will  have  to  operate  at 
low pressures. ~n addition, low engine  Wei-&t is af primary importance 
at high altitude, so the  canbustor  must also be as short as possible. 
Experimental  investigations  were  therefare  needed to determine  whether 
or not short burners  could  be  deslgned  to  operate  efficiently at l o w  
pressures  and  to  determine  burner  design  principles. Ip 
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As & first  approach  to  the  problem,  the  effect of canbustor  length 
on  burner  performance was studied  using a 16-inch-diameter  ram-jet  ccnn- 
bustor. This preliminary  investigation  showed  that hydrogen provided 
high  combustion  efficiency  over a wide  range of equivalence  ratios  {ref. 
2).  The data,  however,  covered only relatively  high burner pressures 
(approximately 13 to 50 in. H g  abs) because of a facility  limit.  Addi- 
tional  experimentation was therefore  required  to  obtain data at  the l o w -  
burner  pressures. 

The  present  investigation  determined  the  effect of burner design 
variables on the performance  of a 16-inch-diameter  ram-jet  cambustor 
over a range of burner--let  total  pressures f r o m  7 to 4A inches  of  mer- 
cury  absolute  and  established  some  desirable  burner  design  principles 
for  t h i s  fuel. - 

Data  were  obtained  over  the following range of burner  variables: 
equivalence  ratio, 0.1 to 1.0; inlet  temperature, UoOO R; burner  length, 
18, 26,  and 44 inches;  and  exhaust-nozzles of 0.4 and 0.5 
(nozzle  exit  area/max.  area of cdustor) . The  effect  of  injector shape, 
injection  direction,  and  screech  tendency was studied  over  the  range of 
burner  variables. 

APPARATUS AID INSTRIJMENTATION 

Test  Facility 

The  test  facility  for  tbis.investigation was basically a free-jet 
type that  included a supersonic  nozzle and a second throat. The second 
t h r o a t  m s  blocked  off and the  ram-jet  combustor W ~ B  therefore  operated 
as a direct-connect  installation far. these  tests  as shown schematically 
in  figure 1. A i r  entered the facility through a combustion-type  pre- 
heater  and a surge tank md was ducted s u b s d c a l l y  to  the  combustor- 
entrance  duct. 
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Cmbustor 

The 16-inch-diameter ram-Jet conibustor used in this investigation 
is shown schematically in figure 2. The long entrance  duct ahead of the 
cmibustor was used t o  simulate  supercritical  operation. This was done 
by choking the flow at  the throat of the  entrance  duct and then expand- 
ing it supersonically  over a portion of the divergent  section of the en- 
trance  duct. The coznbustian  chaniber had an Fnside diameter of 16 inches 

0 and was water jacketed. The combustion-chamber length was varied from 18 
d * t o  44 inches by inserting  various spool pieces. The combust ion-Mer  

length w a s  defined as the distasce from the plane at the centerline of 
the downstream fuel  injectors t0 the  plane of the exhaust-nozzle exit. 
The fuel  injectors w e r e  located i n  tm annulus between the conibustian- 
chaiber  outer wall and the centerbody. The outer-wall  sectim which  con- 
tained the injectors w a s  so arranged that the injectors C O U U  be either 

-2 located in one plane o r  staggered. Two canvwgent exhaust nozzles were 
ai used with throat areas equal to 40 and 50 percent of the conibustion- 

r: 
53 

P 
M e r  (16-in. diameter)  cross-sectional area. The combustor was ig- 
nited by two spark plugs whose electrodes sparked against the sides of 
the fuel  injectors as shown In figure 3. - 

Burner Cmponents and T e s t  Configurations - 
Fuel injectors. - Two types of fuel injector system wzre used 8 s  

shown i n  figure 4. The concentric-ring  fuel-inJector system, W c h  was 
the same as configuration A of reference 2, consisted of three concen- 
t r i c  rings with s ix  srrpply struts. These rings were sp l i t   in to   s ix  
equal sectors, one of ~ h f c h  is shown in a g u e  5Ca).  his injector is 
referred  to  a6 injector 1. In the cmplete system there were a t o t a l  
of 432 fuel orifices  each with a diameter of 0.055 inch.  Nine-tenths 
of the fuel was sprayed normal t o  the gas stream &le the remainder was 
sprayed downstream. The projected blocked area of this conf'iguration 
was about 20 percent. 

. 

The second type of f'uel-injector system consisted of 38 alternately 
long and short   radial   injectors equally spaced circumf'erentislly (fig. 

4(b)). The long and short Wecto r s  extended 5 and 22 Fnches, respec- 
tively, in to  the burner. For some configurations the injectors were 
staggered so that the short injectors were 15 inches upstream of the 

long injectors. Three different M a l  fuel-Wector shapes were in- 
vestigated. These injectors had V-, Icldney-, and round-shaped cross- 
sectional areas, as shown in figure 5(b), which were referred  to  as in- 
jectors &, 2b, and 2c, respectively. A U  injectors had a math of 1/2 
inch. 

1 

3 
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The  round  injectors  were  investigated d t h  four  injection  direc- . 
tions,  downstream,  upstream,  normal, and downstream at Go to  airflow 
direction  (assuming axial flow).  Cross-sectional  sketches of these  in- 
jectors  (2c  to 2f) are  shown  in  figure 5(b). The radial locations of 
the  injection  points  were  the  same  for  injectors 2a to 2f. Injectors 
2a to  2d had single  orifices  at  each  injection  point,  which had a 0.0465- 
inch  diameter, g i v i n g  a total of 570 f'ue.l orifices.  Injectors  2e and 2f 
had  double  f'uel  orifices  at  each  injection  point  that  were 0.033 inch  in 
diameter  with a total of ll40 fuel  orifices. Each set of lnjectors, how- $ 
ever,  had  the  same  effective  fuel-flow-orifice area. P 0 

For m e  configuration an acoustical liner m a  used &ich was spaced 
1/2 inch ftrom the outer wall. Use of the  liner  necessitated  relocating 
the  fuel  orifices near the  outer wall so that  the  liner would not burn 
ou t .  Tbis configuration  had  the  same f'uel injectors as bjector 2f, ex- 
cept  that  the  outer  two  set8  of fuel orifices  were  relocated  as  shown by 
injector 3. 

The projected  blocked  area of each of.the radial  fuel-injector  con- 
figurations was 45 percent. 

Acoustical  IlneE. - A perforated  acoustical  liner was installed in 
one of the  configurations  investigated  to  eliminate  combustion  screech. 
A photograph of the .liner is shown in  figure 3. The  liner extended 6 
inches  downstream  and 2 inches  upstream  of the plane at-the centerline 
of the long radial  fuel  injectors  {the  configmation  with the liner had 
staggered Azel injectors), and it was spaced 1/2 inch from the  outer wal l .  
The  liner was made of 1/16-inch-thick Inconel  sheet  with 3/16-inch per- 
forations  which  were  spaced on l/Z-inch centers. 

Configurations. - The fuel injectors,  burner  lengths, and exhaust 
nozzles  used in each  of the configurations  investigated are shown in the 
following table : 

Configuration1  Fuel  Injectors I Burner length, 
I I .in. 

H a21 (a a) x 
J &3 (Q 0) X X 

"Fuel  injectors  staggered. - 

Screech  1Exhaust  nozzle 
0.5 

X 
X 
X 
X 
X 
X 
X 
X 

X 
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Instrumentation 

The stations at which the temperature and pressure instrumentation 
m e  located are shown in figure 2.  Total temperature and pressure were 
measured just upstream of the beUmouth in l e t  a t  station 1. Wall static 
pressures were  measured just  upstream of the  fuel  injectors at station 
2. These wall s t a t i c  measurements m e  used to  calculate  burner-inlet 
conditions. A water-cooled  rake was used to obtain a total-pressure 

r( 
N 

0 survey at the exhaust-nozzle exit (station 3). This pressure survey 

-$ w a s  used to   calculate  cardbustion efficiency and codustor-inlet  airflow. 
Static  pressure was measured just downstream of the exhaust-nozzle exit 
so that it could be determined whether or not the  nozzle was choked. 
The canbustor fue l  flow was measwed w i t h  an A.S.M.E. flat-plate or i -  
f ice .  A telescope installed in the rear of the test chader  afforded 
visual  observation of the cafbustim chamber through the exhaust 
nozzle. 

The combustor-inlet air  temperature wa.6 mised to U0Oo R by the 
combustion preheater. The canbustor-inlet total pressure or a i r f l o w  was 
set at the desired  value by a valve downstream of the preheater. The ex- 
haust  nozzle was always choked except during ignition of those  configu- 
rations h i c h  were hard t o  start at l o w  pressmes o r  airflows. For 
these  configurations the burner was ignLted at the low adrflows by par- 
tially clos5ng the exhaust  valve, which unchoked the exhaust  nozzle and 
increased the burner pressure. Data were obtained  over a range of equiv- 
alence ratios from 0.1 to 1.0 a t  constant a i r f low.  The combustor a i r f low 
remained constant  over the c-lete  range of equivalence rat ios  because 
the entrance  duct throat was always choked.  Conibustor unit airflow 
("/Ab) was varied from approximately 2.75 t o  ll.4 pounds per second per 
square  foot and conibustor-inlet t o t a l  pressure varied from 7 to 44 inches 
of mercury absolute. 

The symbols and methods of calculation used in t h i s  report are pre- 
sented in  appendixes A and B, respectively. 

RESULTS AND DISCUSSION 

In a previous  unreported  investigation it was shown that when using 
hydrogen a6 a Fuel, the conventional m e t h o d  of  injecting the fuel up- 
stream of a flameholder  could not be used. When upstream fuel  injection 
was tried, flashback occurred and the flame seated on the fuel injectors. 
Therefore, f o r   a l l  the configurations  presented  herein the fuel  injectors 
d s o  served as flameholders. 
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The  performance of configuration A of reference 2 was obtained over 
a range  of  combustor-inlet  total  pressures *am 8 to 44 inches of mer- 
cury  absolute.  These  data are shown i n  figure 6. Canbustion  efficiency, 
burner-inlet  total  pressure,  and  percent  burner  total-pressure loss are 
plotted  against  equivalence  ratio for  combustor  lengths of 26 and 18 
inches.  The data obtained  at high pressures  with  the  26-inch cmbustor 
agreed  very w e l l  with the  data  of  reference 2 obtained in a different 
facility  {fig. 6 ( a > > .  The  peak  canibustion  efficiency  decreased from 94 
to 77 percent  as  the  combustor-inlet  total  pressure  decreased f’rm 29 
to 10 inches  of  mercury with an attendant  decrease  in  unit  airflow from 
7.96  to  2.75. The data  did not &end  to an equivalence  ratio of 1.0 
at  the high unit  afrflows  because of a fuel-flow limit. At the lower 
unit  airflows,  the  cambustion  efficiency  decreased  more  rapidly  to  either 
side  of  the peak than  at  the  higher  unit  airflows. 

When  the  burner was shortened  to 18 inches,  much  lower  performance 
was obtained as shown  in  figure 6(b). The peak combustion  efficiency 
dropped 5 percentage  points  below  that  of  the  26-inch  burner  at  the high 
unit airflow,  while  at  the  lowest  unit  airflow  the  peak  efficiency drop- 
ped  27  percentage points. At  the  lowest  unit  airflow,  combustion was 
very unstable. Lean blowout  occurred  at an equivalence  ratio of 0.77 as 
canpared with 0.3 with  the  26-inch  burner.  The  burner  total-pressure 
loss varied f2om 2 to 6 percent with both  the 18- and 26-inch burners 
(injector  blockage, 20 percent 1 . 

Configuration A showed  good  performance  at  the h i g h ,  burner  pres- 
sures;  however, at low pressures  the  performance was poor. This de- 
crease  in  performance was probably  due  to poor fuel distribution  (total 
number  of fuel orifices low) and low blockage. 

Effect of Burner Design Variables on Burner  Performance 

The effect of various burner design  variables  on  burner  perfo-ce 
was determined only at  the  critical  operating  conditions  of low pressures 
and  18-inch  burner  length,  because  there was little  roan  for  improvement 
in  burner  performance  at the high pressures and long lengths.  The 
length  of  the  exhaust  nozzle  comprised  two-thirds of the  length  of  the 
18-inch burner. 

The  configurations that follow had better fuel distribution  (in- 
creased number of f’uel orifices)  and higher blockage  than  configuration A 
so that  comparisons  between  these  configurations aqd configuration A are 
not  valid. 

Effect  of  injector shape. - The  performance  of the simple round ra- 
dial  injectors was as good a$ ar better  than the performgxe of all the 
injector  shapes  investigated.  The  effect of injector  shape 011 perform- 
ance I s  shown in figure 7.  Three shapes were investigated, V, kidney, 
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and round. Each shape had a 45-percent  blockage and the same nuuiber of 
fuel  orifices  Fnjecting downstream. Good catbustion  efficiency was ob- 
tained with all shapes Over a wide range of equivalence ratios except 
a t  the lowest  burner  pressures  or  unit  airflow, where lean blowout oc- 
curred between equivalence ratios of 0.6 and 0.8. The round injectors 
were used t o  study  additional design variables because of the i r  sfmple 

cl 
0 geometry. 

. .. .. 

Effect  of injection direction. - The ef'fect of fuel-injection  direc- 
t ion on combustion efficiency is shown i n  figure 8. The four injection 
arections  investigated with the round bar m e c t o r s  were upstre&,  nor- 
mal, downstream, and downstream 45O (450 to   the a-a1 direction). The 
radial  locations of the  injection  points were the same for all conflgu- 
rations. The injectors  spraying normal and downstream 45O had twice as 
many fuel orifices as the injectors spraying upstream and downstream. 
The effectFve  fuel-flow area was the same for all four  configurations. 
Cambustion screech, shown in   f lgure 8 by the dashed portion of the curves, 
was encountered  with a l l  injection  directions  except downstream injection. 
The start of audible screech i s  shown by the solid vert ical   l ine  at  the 
beginning of tlae dashed p a t  of each  curve. Upstream injection had the 
greatest tendency t o  screech (widest eqrrfvalence r a t i o  range with 
screech). Screech was encountered at a l l  pressures and started a t  equiv- 
alence  ratios from 0.35 t o  0.52. Normal injection showed the next great- 
est tendency toward screech, which started at  the two highest pressures 
or unit airf lows and a t  equivalence ra t io s  of 0.45 and 0.54. Only mild 
screech was encountered  with downstream 450 injection a t  the two highest 
unit  airflows s k t i n g  a t  equivalence m t i o s  of 0.58 and 0.675. The sta- 
b i l i t y  limits of  downstream 45O injection covered a wide range of equiv- 
alence  ratios with lean blowout occurring a t  an equivalence r a t i o  of 0.25. 

~n most previous  investigations it was observed that when screech 
was encountered, the combustion efficiency remained high as the equiv- 
alence r a t i o  was increased. There were, however, several cases dur ing 
t h i s  investigation where  combustor efficiency dropped sharply during 
screech as the  equivalence r a t i o  was increased.  Since  screech usually 
has an effect an canbustion  efficiency, the following discussios of the 
effect of injection  direction on conibustion efficiency only applies over 
the range of equivalence rat ios  where screech was not  encountered. 

The results show that for high ccaribustion efficiency, "rich" burners 
require  very good mixing of the f'uel and air &ile "lean" burners re- 
quire  presemtion of locally rich regions. Upstream and pormal Fnjec- 
t ion a p p e n t l y  did the best job of mlxing the fuel and air   s ince these 
configurations had the lowest canbustian  efficiency a t  the lean equiv- 
alence  ratios and the highest peak combustion efficiencies at  the  r ich 
equivalence ratios. Downstream injection was evidently  the  poorest mixer 
of fuel and air as shown by high cambustion efficiency during lean oper- 
ation and low ccadbustian efficlencies during rich  operation. A good c a -  
promise on performance over the full range of ewivalence ratios was 
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obhined with downstream 45' injection, which provided  generally  inter- 
mediate efficiency  at both the  rich and lean equivalence ratios.  

Effect of staggering  injectors. - Because  downstream 4 5 O  injection 
(configuration G)  showed the  best compromise performance over the can- 
plete range of equivalence ratios and had d y  a slight tendency t o  
screech, it was chosen for  flrrther study. Since same source of energy 
i s  required t o  maintain  screech and a large amourit~of' chemical energy i s  
released  during combustion, it was thought that releasing the energy in 
different  planes by staggering  the  injectors would decrease  the tendency 
of the burner t o  screech.  Therefore, the injectors were staggered by 

moving the short  injectors 13 inches upstream of the long injectors. The 
effect of staggering the injectors is shown in figure 9. The over-all 
burner performance was improved KLth this configuration and the screech 
tendency  decreased. There was only mild screech a t  the highest unit air- 
flow for equivalence ratios of 0.7 and above. For staggered  Fnjectors 
the  cmbustion  efficiency did not drop off  a t  the high unit  airflow when 
screech  occurred as it did when the  inJectors were not staggered. 

3 

Pressme-drop data showed that staggerlng had  no perceptible  effect 
on the burner total-pressure loss. 

Ef fec t  of screech liner. - Since  screech is  usually of a destruc- 
tive  nature, it was desirable t o  eliminate  screech a t  all operating con- 
ditions. In addition  to  staggering  the  iaectors,  an  acoustical  liner 
was used in  an attempt to  eliminate  screech completely.  Liners spaced 
1/4 and 3/8 inch f r o m  the  outer wall of the burner were unsuccessf" but 
a l iner  1/2 inch from the  outer wall completely eliminated  screech. A l l  
the  liners extended 6 inches downstream and 2 inches upstream of the sec- 
ond tier of injectors. The use of a liner  necessitated moving the  outer 
fuel  orifices toward the center of the  burner. The number of orifices 
was not changed, because the  orifices removed *om the  outer  areas were 
relocated between existing  orifices  (see  fig.  5). The downstream end of 
the  liner was blocked off  t o  force  cooling air through  the l iner  and into 
the  f'uel-rich zone created by the  relocated fuel orifices. 

The effect of the liner on burner performance is shorn in  figure 10. 
The l iner caused no appreciable  decrease i n  burner s tabi l i ty  lirmlts. A l -  
though the  over-all burner cambustion efficiency dropped from 4 t o  6 per- 
cent because of the change in   the  f'uel distribution, this drog might not 
be as great with a larger diameter  burner. Because a l iner  spaced 1/2 
inch f r o m  the  outer w a l l  might stop  screech in   larger  dlameter burners, 
t h i s  great a loss  i n  combustion efficiency may not occur in larger diam- 
eter  burners where the  fuel  distribution would be better. The liner, i s  
durable as shown in   ( f ig .  3). After 30 minutes of operation a t  an e¶uiV- 
alence  ratio of 0.7, the  liner showed no damage except slight warping. 

% 
I" 
0 
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A comparison of the  final  configuration J with  configmation A is 
shown in figure 1l where ccPnbustion  efficiency is plotted  against  equiv- 
alence  ratio  for  the  18-inch  burner  at  the  lowest  pressure  level (7 to 
U. in. Hg abs)  investigated.  The  stability m t s  and cabustion effi- 
ciency  were  greatly  increased  with  configuration J. The lean blowout 
limit was increased f r a m  an equivalence  ratio  of 0.77 to 0.26 and  the 
peak  combustion  efficiency was increased from 52 to  78  percent.  This 
performance  iruprovement was attributed  to  the  round  f'uel  injectors, 
which  sprayed  f'uel  downstream eo, the better  fuel  orifice  distribu- 
tion,  the  larger nuniber of f'uel  orifices  per wit cross-sectional area, 
and the  increased  blocked area of the  injectors. 

Blowout and starting  limits. - Blowout  limits  were  experienced only 
at lean equvalence ratios.  These  blowouts  occurred only at  the  lowest 
pressure  or  unit  airflow  investigated  and  at vaxious equivalence  ratios 
depending  upon  the  configuration ( see  figs. 6 to 10). 

The  round bars injecting  fuel  downstream  showed the easiest tend- 
ency  to  start.  With tpli~ configuration,  the  burner ignited at  pressures 
as low as 6 inches of mercury  absolute. The burner  could  be  ignited  at 
amroximately 10 inches of mercury with  the followtng injectors, which 
were  located  in  the  same  plane: -@ {conf'iguration A ) ,  4 , a, Q and 0. 
When  using  the  round  staggered  injectors  which  sprayed  downstream eo to 
the  airflow Q , the  burner  started  at  pressures of 8 to 9 inches  of 
mercury  absolute.  The  hardest  to s t a r t  were  the  round  injectors s p r w  
upstream (ll to 14 in. ELg abs) . 

a) 

Performance wcteristics of Final Burner Canfiguration 

Effect of burner-inlet Mach nmber. - The  variation  of  burner-inlet 
Mach number  with a 0.4 and 0.5 exhaust  nozzle  is shown in figure 12. The 
level  of  inlet  Mach  number  varied 30 percent  between  the  two  nozzles. 
Since  the Mach number6  were low, this  variation had. very little  effect 
on conibustion  efficiency.  This is ahom by  the  general  performance 
curves  of  the final configuration  (configuration J) in figure W. Can- 
bustion  efficiency,  burner-inlet  total  pressure, and percent  burner 
total-pressure loss are plotted against e@v&lence  ratio  for  burner 
lengths  of 18, 26, and 44 inches and exhaust-nozzle  sizes of 0.4 and 
0.5. With  the  higher M e t  Mach numbers,  obtained  with  the 0.5 nozzle, 
the  burner  total-pressure loss was higher  than  with  the lower inlet Mach 
numbers,  obtained with the 0.4 nozzle  (approxtmately 0.6 percentage 
points  difference). No lean  blowout was encountered with the l o w  burner- 
inlet  Mach  numbers and the burner could  be  ignited  at  pressures  as  low 
as 6 inches of mercury  absolute as campared with 8 or 9 inches  of  mercury 
absolute  with  the  higher  burner-inlet Mach nmbers. 
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Effect of burner  pressure and length. - The  effect of burner total 
pressure  and  length on combustion  efficiency is shown in figure 14 where - 
combustion  efficiency  is  plotted  against burner length  for  constant val- 
ues of burner-inlet  total  pressure and for  given  equivalence  ratios. 
The burner  lengths  were 18, 26, md 44 inches and the  nozzle  sizee uere 
0.4 and 0.5. . .  

The  combustion  efficiency f o r  almost all conditions,  including 
burner  lengths of 18 inches  and  pressures as low as 10 inches  of  mercury 
absolute, was between 80 and 100 percent. 0 

R 
P 

As expected  there was a general  trend of decreased  combustion  effi- 
ciency  with  decreasing  pressure.  Combustion  efflcieacy wa8 generally in- 
sensitive  to  pressure  down t o  20 inches  of  mercury  absolute  but  decreased 
rapidly  at  lower  pressures,  particularly f o r  the  shorter  lengths. 

In  general,  there was little  gain in cambustion  efflciency  by in- 
creasing  the  cambustor length beyond 30 inches. 

SUMMllRY OF RESULTS . 
The  effect of burner design variables og the  performance of a 16- 

inckdiameter  ram-jet  combustor using gaseous hydrogen a s  a fuel was 
studied  over a range of burner  total  pressures f'rm about 7 to 44 inches 
of  mercury  absolute  st an inlet  temperature  of ll000 R. The configura- 
tion  with  the  best  performance bad 38 radial fuel inJectors. The injec- 
tors  were  staggered  and  injected  fuel  downstream at an angle of 4S0 to 
the axial direction. An acoustical liner was used  to  eliminate  screech. 
The following results  were  obtained  with  this  configuration: 

Good performance was obtained  at low burner  pressures and short 
lengths.  The  shortest  length  investigated (18 in. f h m  fuel  injectors 
to  exhaust-nozzle  outlet) gave peak  canbustion  efficiencies ranging from 
81 ta 98 percent  over a pressure  range f'ram 10 to 35 inches of mercury 
absolute. 

Cmbustion efficiency was generally  insensitive  to  pressure  down to 
20 inches of mercury  absolute  but  decreased  rapidly  at  lower  pressures, 
particularly  for  the  short  lengths. 

In general,  there was very  little to be  gained  in  combustion  effi- 
ciency by increasing  the  cambustor length l ; e~ -1&3 30 inches. .. . . 

The  change  in  burner-inlet mch number  resulting from a variation 
in  exhaust-nozzle  size from 0 . 4  to 0.5 had very  little  effect on the 
canbustion  efficiency. This was probsbly  because of the low level of 
the  burner-inlet  Mach  numbers. 

" . 
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With  round  radial  bars  injecting  fuel  downstream,  the burner could 
be  ignited  at  pressures as low as 6 inches of mercury  with a s p r k  
ignitor. 

Cmbustion was stable  over  the  entire  range of equivalence  ratios 
investigated. Rich blowout m e  never  encountered. Lean blowout was en- 
countered only at  the higher inlet Mach numbers (0.5 exhaust  nozzle ] 
with  the  18-inch  burner  length.  Blowout  occurred at a burner  total 
pressure of % inches of mercury  absolute and an.equivalence  ratio of 
amroximately 0.2. No lean blowout was observed at the lower inlet  Mach 
numbers (0.4 exhaust  nozzle). 

1 

An acoustical  liner,  which was 6 inches long and  spaced 1/2 inch 
frcm the  outer wall,elWnated screech. Line r s  with  closer  spacings 
were  unsuccessful. The presence of the liner impaired the burner per- 
formance (4 to 6 percentage  point drop in cunbustion  efficiency)  be- 
cause  of  the  associated  change €n fuel  distribution.  With a larger 
diameter  burner  the  decrease in conibustion  efficiency might be  Less. 

Lewis Flight  Propulsion Laboratory 
National  Advisory  CcPlrmittee for Aeronautics 

Cleveland, O h i o ,  October 26, 1956 
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APPENDIX A 

SYMBOLS 

A area,  ft2 

% area  of  burner  based on 16-inch  diameter,  ft2 

discharge  coefficient  .of  exhaust nozzle 

f/a combustor  fuel-air  ratio 

(f/a) ideal  combustor  f'uel-air  ratio 

(f/a Ip preheater  fuel-air  ratio 

(f/a) stoichimetric ~e1-a- ratio 

Q acceleration  due to gravity, 32.2 ft/sec2 

NACA RM E56J08 

M Mach number 

P total  pressure , in. Hg ab6 
P static  pressure,  in. Hg abs 

R g a s  constant, f't-lb/(lb)(%) 

T total  temperature, si 

v velocity,  ft/sec 

W combustor-inlet  airflow,  lb/sec  (containing  preheater  products 
of combustion) 

wa 

vf 

airflow  to  preheater 

fuel flow to canbustor,  lb/sec 

W fuel  flow to preheater,  lb/sec 
f?P 
u U unburned  airflow  entering  combustor,  lb/sec 

Y ratio  of  specific  heats 

7 combustion  efficiency,  percent 



NclcA RM E56J08 . 
P density J lb/fi3 

engine  equivalence ratio,  (f/a)/( rials 

Subscripts : 

1 inlet duct inlet 

2 combustor inlet 

3 exhaust-nozzle exit 

a 
c;I * 

C cold (i.e.J canbustor not burning) 

h hot (i.e., combustor burning) 
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CALCULATIONS 

Combustor-inlet airflow. - The cambustor airflow was measured at 
the exhaust-nozzle exit for nonburnirx conditions. Since the combustor 
entrance  duct throat was choked a t  al?: times, the conibustor-inlet air- 
flow for a given-inlet  pressure was the same for  burning and nonburning 
conditions. The combustor-Wet  airflow w&s calculated f r o m  the con- 
t inui ty  equation: 

E 
0 

= p3,c 'd *3,c '3,c (1) 

Since the exhaust  nozzle was always choked, this equation reduces t o  

1 - r+l r-1 
w = 0.491 

where Tl and IC3 were assumed equal (nonburning), and a value of 0.975 
was used for C d  (ref. 3). Leakage through the  engwe W e s  was 
negligible. 

Combustor fuel-air r a t i o .  - The combustor fuel-air ra t io  was defined 
as the ra t io  of the combustor fuel flow t o  the unburned air passing 
through the combustor inlet .  The preheater  efficiency was almost 100 per- 
cent and, therefore,  the unburned air entering  the combustor was defined 
as 

The combustor fuel-air r a t i o  was then 

Since it was more convenient t o  measure combustor-inlet airflow w 
rather  than airf low to  the  preheater wa, the following relation was used: 

w = (wa + Wf ,P } = wa p + {f/&),l 
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Rearrangement and substitution in e p t i o n  (4) give 

Canbustion efficiency. - Cabustion  efficiency was defined as 

' where (f/a) ' is  the ideal fuel-air   ratio which  would have produced the 
same burner  pressure P3 as actually measured. 

The ideal  fuel-air r a t i o  (f/a) was determFned in the following 
manner: Since the entrance  duct throat was always choked, the  inlet  
ai.rflow could be expressed as  

P3,h 'd,h A3,h '3,h 
= p3,c Cd,c  A3,c v3,c = - Wf L + -  w 
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Equation (10) was evaluated for various  combustor  fuel-air  ratios  by  us- 
ing  theoretical  combustion  charts  which  included  effects of dissociation 
to find T3,h. These *ta were then  plotted as (f/a)  against 
for a combustor-inlet  temperature T1 of lloOo R. From this  plot,  the 
theoretical  fuel-air  ratio  (f/a>  could  be  obtained  for  each  value of 

'3,h /p 3,c 

cal  combustion  efficiency  such  as a heat-balance  or  enthalpy-rise  method G 
would indicate.  The  canbustor  efficiency  based on total-pressure  measure- 
ment  is,  however,  more  representative  of  over-all  engine  performance, in 
view  of  the  fact  that  it  indicates  how  effectively  the fuel is  being  used 
to provide  thrust  potential  rather  than how completely the fuel is being 
burned. 

'3, h/'3, c 

measured  at  the  exhaust-nozzle  exit. 

The  combustion  efficiency  as  defined in this  section  is not a chemi- 
P 
N 

Combustion-chamber  inlet  MEtch  number. - The  cambustion-chamber  inlet 
Mach number was calculated  by  using  the  engine-inlet  airflow w, the 
static  pressure  at  the  combustor  inlet  pz,  the  engine-inlet  total  tem- 
perature Tl, and  the  area at the cmbustor inlet A2 (157 sq in.). 

. .  . .. "" ". . . . . . . . " . 
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Figure 3. - C o n i b u s t i a n  chanibm at  fuel-injector station sharing qark electrodes 
and screech  liner after 30 minutes of operation. 
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Centerbody wall 

A i r f l o w  over 
section B-B 

Section A-A 
Section B-B 

Injector 1 
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Double orifice in jectors ,  
0.033”. d i a m .  orifioee.  

Section A-A 

(b) Radial fuel injeotors. 

Figure 5. - Continued. Schemgtic diagram of fuel ~jectar designs. 
( A l l  dimensions are in ipohes except as rroted. ) 

Injector 3 

0.033”. diam. 
fuel orffices. 

Bectim B-B 
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Equivalence  ratio, cp 

(a) ~urner length, 26 inches. 

R~LIE 6. - General perfomce characteristics of configuration A. 
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(b) Unit airflou, approldmately 3.9 pow per second per square foot. 
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100 

60 

100 

80 

60 

80 

60 

0 .2 .4 .6 -8 1.0 1.2 
Eqylvslence r a t i o ,  q 

(c) Unit air f low,  eqprodmate3y 2.7 pounde per second per square foot. 

9. - Effect of staggering Injectors on screech and ccmbustion efficiency. 
le&&, l8 inches. 
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Unft airflow, Configuration 
W/Ab 

A 2.76 J 
2.80 A 

.Lean blowout 

80 

5 
- 

.rl 
0 

-P $; 60 
k 

8 %  
%-I 

5 
Q 

40 
.2 .4 .6 .8 1.0 1.2 

Equivalence ratio, q~ 

Figure ll. - C c a n p a r i s a n  of configuration J eth conf': @Furation A .  
Burner length, 18 inches. 
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0 .2 .4 -6 -8 1 .o 1.2 
Equivalence ratio, cp 

W w r e  12. - Burner-inlet Mach number variation wttb 0.5 and 0.4 exhaust 
nozzle. 
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.8 

0 .2 .4 .6 .8 1.0 1.2 
Equivalence ratio, q 

( a )  Burner length, 44 inches; 0.5 exhauet nozzle. 

Figure 13. - General perfcrcnwnce characterlatics of configuration J. 
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-. 4 Z&," 
.a 
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$ 2  a h  
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Pi 0 .2 .4 .6 .8 1 .o 1.2 
Equivalence ratio, rp 

(b) Burner length, 44 inches; 0.4 exhaust nozzle. 

Figure 13. - Continued. General performance characteristics of 
conf'igurat ion J . 
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.. .. .a 3 :<* 
-P mal 0 d- a 

b ! m  

0 .2 .4 .6 .a 1 .o 1.2 
Equivalence ratio, cp 

(c) Burner length, 26 inches; 0.5 exhaust nozzle. 

Figure 13. - Continued. General performance  characteristics of 
configur&icm J. 
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Equivalence ratio, 9 

(a) Burner length, 26 inches; 0.4 exhaust nozzle. 

Figure 13. - Continued. G e n e r a l  performance characteristlca of 
configuration J. 
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d m  N 
d m p l  

-P mal 
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% 5 i k S  

0 .2 .4 .6 .8 1.0 1.2 
Equfvalence ratio, cp 

(e) Burner length, 18 inches; 0.5 exhaust nozzle 

Figure 13. - Continued. General. p e r f o m c e  charscteristics of 
canfigurat ion J. 
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- - -8 4 ?X&J 
t ; $ q  
+, 
0 4-d 

9 :hN 
E9 k- 

PI 0 .2 .4 .6 .8 1.0 1.2 
Equivalence ratio, cp 

(f) Burner length, 18 fnches; 0 . 4  exhaust nozzle. 

Figure 13. - Concluded. General perfarmance chsracterietics of 
configuration J. 
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I I 

wuper length, in. 
(b) EEhsuet nozzle, 0.4. 

Figure 14. - Ccmcluded. Efpcft at ccmbustor preeaure anb length CPI 
caabuatim eff1ciePc;r. 

HACA - Langley Ftcld. Va. 




